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Abstract. This paper presents a nonlinear mathematical model for predicting 
stresses in a submarine pipeline as it is picked up off the ocean floor by 
barge davits for purposes such as repairs and tie-ins. Large deflections 
are assumed and the pipeline is modeled as a series of finite beam segments 
from the ocean bottom on up. Using an initial-value approach, a pipeline 
configuration satisfying known boundary conditions is determined by an itera- 
tive technique, in which bottom conditions are identified by considering the 
part of the pipeline resting on the sea bed as a semi-infinite tensioned beam 
on an elastic foundation. The effects of material nonlinearity are included 
and both Rsmberg-Osgood and Hutchinson formulations are considered. With the 
pipe model suggested, any given pickup procedure can be analyzed or a reliable 
procedure can be designed based on given constraints and any desired improve- 
ment in the final configuration and/or stress levels may be achieved by a 
variation of the parameters involved. A practical example is examined to 
illustrate the applicability of the model in either assessing or developing 
a pickup procedure. 
Keywords. Stress control; nonlinear systems; nonlinear pipe stress; sub- 
marine pipeline mathematical modeling; pipe pickup. 
INTRODUCTION 
When a submarine pipeline is picked up off 
the ocean floor by barge davits for purposes 
such as repairs, tie-ins, etc., the suspended 
configuration which is a function of the 
water depth, pipe weight and stiffness, davit 
spacings, cable tensions, etc., constitutes a 
geometrically nonlinear problem owing to the 
occurrence of large displacements. A pipe- 
line that is severely bent is also likely to 
buckle under the effects of the external for- 
ces acting on it. Therefore, if the possibi- 
lity of pipe buckling is to be reduced, a 
properly designed pickup procedure becomes 
necessary, thus requiring a suitable means of 
modeling the suspended pipe configuration. 
This paper presents a nonlinear mathematical 
model for analysis of stresses occurring in 
a submarine pipeline during the pickup opera- 
tion. The large deflections encountered are 
taken into account and the pipeline is model- 
ed as a series of finite beam segments from 
the ocean bottom.on up. The governing equa- 
tions are solved using an initial-value app- 
roach, in which boundary conditions at the 
ocean bed are generated by predicting a bot- 
tom pipe tension and considering the part of 
the pipeline resting on bottom as a semi-in- 
finite tensioned beam or an elastic founda- 
tion. The equations are solved iteratively 
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until convergence occurs when a suitable pipe 
configuration satisfying the known boundary 
conditions at the upper end is obtained. Pipe 
stresses can then be determined using Rsmberg 
-Osgood or Hutchinson equations. With the 
nonlinear pipe model presented, any given 
pickup procedure can be assessed or a relia- 
ble procedure can be developed, based on 
given constraints and any necessary improve- 
ments in the final configuration and/or 
stress levels may be achieved by adjusting 
the parameters involved such as davit spac- 
ings, cable lengths, tensions, etc. 
MATHEMATICAL MODEL AND 
SOLUTION PROCEDURE 
The pickup problem which is illustrated in 
Fig. 1 is essentially one of predicting the 
configuration of a deflected pipe suspended 
from an offshore vessel by means of cables. 
For reasonably short pipe segments (i,i+l), 
it can be shown that 
Hi+l=Hi -Fi+l,x 3 
Vi+l=Vi +W Si -Fi+l,y 9 
Mi+l=Mi +$(Hi sinei +Hi+l sin9i+l) (1) 
- (Vi COSei -Vi+1 COS 6i+l)]Si 3 
Bi+l=Bi +(Mi +Mi+l)Si/2EI , 
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Fig. 1. The pickup problem 
Xi+1 =Xi +$ (COS 8i +COS Bi+l)Si 9 
(1) 
Yi+l=Yi +$ (sin 0-i +sin Bi+l)Si I 
where Si is the length of the pipe segment 
(i,i+l), 8, H, V and M denote the pipe slope, 
horizontal force, vertical force and bending 
moment respectively at the point on the pipe 
identified by the subscript, w is the effec- 
tive pipe weight per unit length, E is the 
modulus of elasticity of the pipe material, 
I is the moment of inertia of the pipe cross- 
section, X and Y are the horizontal and ver- 
tical coordinates of points referred to by 
the subscripts, and Fi+l,x and Fi+l,y are the 
x and y components of any concentrated forces 
applied at node (i+l). 
In order to include the effect due to inter- 
action between the ocean bottom and the pipe- 
line, the portion of the pipe resting on bot- 
tom is modeled as a semi-infinite tensioned 
beam on an elastic foundation. The ocean bed 
is assumed flat, angle changes along'the pipe 
on bottom are taken to be small and the soil 
reaction is assumed to be linearly proportion- 
al to the penetration of the pipe into the 
ocean bottom. The solution of the governing 
differential equation for the pipe on bottom 
can then be shown to be 
y =e"X(~,cosBx+B sinf3x) -6, , (2) 
where 6, is the penetration of the pipe into 
the ocean bottom an infinite distance away 
from the lift-off point, and B is a parameter 
that can be adjusted to ensure a reasonable 
pipe configuration satisfying known boundary 
conditions and compatibility between the sus- 
pended pipe and the pipe on bottom. Here, a 
and 6 are defined by 
a =(a2+b2)' cos(+l 9) , 
B=(a2+bz~'iCOs(~tBn-1q), 
a=TB/2EI , 
where TB is the bottom pipe tension. This 
solution is valid for most soil conditions 
with penetrations 6; up to twice the pipe 
diameter. Boundary conditions at the lift 
off point to be used in generating the sus- 
pended pipe configuration can now be deter- 
mined using.Eq. (2). 
A nonlinear stress-strain relationship that 
is quite convenient to use is the one due to 
Ramberg-Osgood (1943) 
u 
E ~~~~~~~ +Eplast = E + sr $ 
w 0 9 (4) 
where or is a reference stress corresponding 
to an arbitrary reference plastic strain sr 
as illustrated in Fig. 2 and Np is the strain 
-hardening exponent. A suggested value of 
or is the secant yield strength equal to the 
ordinate of the intersection with the stress- 
strain curve of a line through the origin 
having a slope of 0.7 E. The rapidity with 
which the tangent turns is given by the para- 
meter Np. 
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Fig. 2. Nonlinear stress-strain relation 
The maximum strain at the outermost fiber of 
any pipe segment can be obtained from 
T 
%ax=m+ tEI) Ma Ro , 
effective 
where T is the axial segment tension, AE is 
the pipe material area times the modulus of 
elasticity for that segment, R, is the outer 
pipe radius and (EI)effective is an "effec- 
tive" or equivalent linear EI value which is 
identified by an iterative process in which 
the moment curvature relations for linear and 
nonlinear material behavior yield exactly the 
same pipe curvature. The nonlinear stress 
corresponding to the maximum strain cmax can 
then be evaluated from Eq.(4) using the New- 
ton-Raphson method of iteration. 
Since the above development is in terms of 
the Rsmberg-Osgood formulation, stress-strain 
curves corresponding to any other format such 
as the Hutchinson relationships 
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should first be converted to sm equivalent 
Rsmberg-Osgood format. Here, eY is the pro- 
portional limit strain and n is the strain 
hardening exponent. This conversion to Ram- 
berg-Osgood format is done by properly equat- 
ing the areas under the two curves for a 
given range of strains. 
With the approach discussed, the pipe pro- 
file is determined from an initial set of 
bottom conditions obtained by assuming 
reasonable TB and B values. The configura- 
tion is then systematically improved by vary- 
ing B and TB until a desired pipe profile is 
obtained and known boundary conditions at 
the upper pipe end are satisfied. For given 
constraints, the parameter B can be varied 
from a small to a large value with each B 
generating a specific configuration. How- 
ever, for every TB, a certain minimum B 
value exists below which generation of a 
sagbend is not possible. The proper (TB,B) 
combination must then be pinpointed, which, 
besides yielding an adequate profile must 
also satisfy the known boundary conditions 
at the upper end. 
NUMERICAL RESULTS AND 
CONCLUSIONS 
In order to show how the nonlinear model pre- 
sented in this paper can be utilized in a 
real-life situation, the representative pick- 
up problem shown in Fig. 3 is analyzed. The 
pipe has an outside diameter of 52.70 cm and 
a wall thickness of 6 cm. Pickup must be 
done in water 41 m deep until the end of the 
pipe is raised 3 m above the water line. 
Other input data is as follows 
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Fig. 3. Representative pipe pick-up 
problem analyzed 
E for pipe = .2068 x 10KN/m2 
Maximum allowable 
stress in pipe = 3.05 x lo0 N/m2 
Proportional limit 
stress for pipe = 2.068 x 10~ N/m2 
material 
Hutchinson exponent for 
pipe material = 8 
Pipe weight in water = 260 Kg/m 
Breaking strength of chains 
used for picking up pipe = 89 ICN 
Pick-up to be done in 4 steps 
TABLE 1 Numerical Results 
Step No. 1 2 3 4 
Free span 24.4 31.5 35.8 39.6 
length (m) 
Elevation of 11.0 22.10 33.55 44.42 
free end above 
ocean bed (m) 
Slope at upper 4.58 13.54 23.64 34.83 
pipe end 
(degrees) 
Maximum stress 1.08 1.43 2.04 2.60 
encountered 
(10' N/m21 
Maximum cable 59.2 59.2 59.70 63.34 
tension en- 
countered (kN) 
Numerical results obtained sre shown in 
Table 1, which presents parameters such as 
pipe slopes at the upper end, maximum stres- 
ses and cable tensions encountered in each 
step of the pick-up process. The results 
indicate that the procedure designed is ade- 
quate in terms of pipe stresses, cable ten- 
sions and pipe slopes. All cable tensions 
are well below the breaking strength values 
and no portion of the pipe is stressed be- 
yond the allowable maximum. The problem 
examined demonstrates the applicability of 
the nonlinear pipe model presented in this 
paper as a useful tool for analysis of stres- 
ses occurring in a submarine pipeline during 
pick up operations. 
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APPENDIXl-NOMENCLATURE 
Pipe material area 
Arbitrary parameter governing pipe con- 
figuration 
Young's modulus of elasticity for pipe 
segment 
Horizontal component of concentrated 
force applied at node (i) 
Vertical component of concentrated 
force applied at node (i) 
Horizontal force on pipe element 
Moment of inertia of pipe cross-section 
Representation of pipe node 
Pipe flexural rigidity 
Bending moment on pipe element 
Average bending moment in pipe segment 
Strain hardening exponent for Rsmberg- 
Osgood formulation 
Strain hardening exponent for Hutchin- 
son formulation 
Pipe outer radius 
Length along pipeline 
Axial tension on pipe segment 
Bottom tension 
Vertical force on pipe element 
Effective weight per unit length of 
pipe 
Cartesian coordinate, measured from ori- 
gin at lift-off point 
Pipe deflection; Cartesian coordinate 
measured from origin at lift-off point 
Strain in pipe segment 
Maximum strain at outermost fiber of 
pipe segment 
Reference plastic strain 
Proportional limit strain 
Reference stress corresponding to re- 
ference plastic strain sr 
Penetration of pipe into ocean bottom 
at (--) 
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e Pipe segment inclination to horizontal 
